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Structure-reactivity relationships of L-proline derived spirolactams and -methyl prolinamide organocatalysts in the asymmetric Michael addition reaction of aldehydes to nitroolefins. 
Introduction
The field of organocatalysis has seen an explosion of interest in the last decade. 1 In particular, L-proline derived compounds have found use as organocatalysts in the asymmetric Michael addition reaction of aldehydes and ketones to nitroolefins, with the products being produced in high yields, with excellent diastereo-and enantioselectivities (Figure 1) . [1] [2] [3] [4] [5] [6] However, in many earlier cases either a large excess of the aldehyde or ketone is required (10-20 molar equivalents) or high levels of catalysts (10-25 mol%) . More recently highly efficient catalyst systems for this transformation have been developed and are the benchmark for all new catalysts. Ma 3 was able to achieve high yields and selectivities using only 0.5 mol% of 4 and 1.5 equivalents of aldehyde in the presence of benzoic acid as an additive. 3 However, Lombardo recently reported the use of the ion-tagged diphenylprolinol silyl ether 7 which achieves enantiomeric excesses of >99.5% at low catalyst loadings (0.25-5 mol%), and uses only a slight excess of aldehydes (1.2-2 molar equivalents). 4 The most efficient catalyst reported to-date is the tripeptide 8 described by Wennemers. 5 This catalyst is highly efficient at levels of only 0.1-0.2 mol%, even with the nitroalkene in excess, giving high yields and selectivities for a range of aldehydes and nitroalkenes. The usefulness of the products from these reactions resides in the potential for further transformation of both the nitro and carbonyl functionalities. There is an ongoing requirement for the development of new organocatalysts for this and other important chemical transformations, in order to fully understand the structure-reactivity relationships of these catalysts. Many of the reported prolinederived catalysts are conformationally flexible in nature and it was thought that the introduction of conformational constraints into the structure could lead to more specific catalysts, which might allow the use of lower amounts of aldehyde or ketone, along with the requirement for low levels of the organocatalyst (e.g. 5% or less). One way to introduce such conformational constraint would be to have, for example, the L-4 proline as part of a rigid spiro fused ring system. Royer recently prepared such a rigid pyrrolidino spiro diamine (9, Figure 1 ) and it exhibited limited success in its ability to act as an asymmetric organocatalyst in the Michael addition reaction of aldehydes to nitroolefins, although only one set of reaction conditions was reported. 6 Rather than having the second amino group as an exocyclic substituent, incorporation of the second nitrogen atom as part of the ring would give spirolactam and spirodiamine structures.
Results and Discussion
As part of a program to synthesise both enantiomerically pure and racemic prolinederived [4.4] -spirolactams, we recently reported our studies on their preparation by thermal intramolecular ester aminolysis methods. 7 Diastereoisomeric spirolactams (11a and 11b) were prepared and separated chromatographically (Figure 2) . It was also found that the spiro diamine derivatives 13a and 13b complexed a zinc ion. 7c Although the stereochemistry of the -methyl benzyl substituent was known, from the choice of the starting amine, the absolute stereochemistry of the spiro centre in each of the diastereoisomers was not known. Previously, we were unable to grow crystals of sufficient quality for X-ray analysis to be obtained, so NMR spectroscopy 5 along with molecular modelling 7c was used to tentatively assign the stereochemistry of the SR and RR diastereoisomeric pair, 11a and 11b. Eventually crystals of sufficient quality were obtained of 11b, by crystallisation from hexane, and an X-ray crystal structure was obtained (Figure 3) , which confirmed the previous NMR spectroscopic and modelling assignments. 7b,c The X-ray crystal structure clearly shows the R absolute stereochemistry at the spiro centre. As a result of this structure, the absolute stereochemistry of both diastereoisomers was now known. Treatment of 11a and 11b with trifluoroacetic acid gave the desired deprotected compounds 12a and 12b. An examination of the structures of these compounds shows that they can be considered as conformationally constrained analogues of prolinamides, an important class of organocatalysts.
Therefore the investigation of the use of spirolactams 12a and 12b as organocatalysts in the model reaction of valeraldehyde with trans--nitrostyrene was undertaken (Table 1) . The first reaction was conducted using a low molar excess of valeraldehyde (1.5 equivalents) in dichloromethane at room temperature for 72 h in the presence of 5 mol% of (S,R)-spirolactam 12a (entry 1). Product 16 was isolated in 98% yield, with a syn:anti ratio of 62:38, and the enantiomeric excess (e.e.) of the syn isomer was 66%.
Changing the solvent to chloroform or 2-propanol gave similar results, while the use of THF as solvent gave a better syn:anti ratio of 74:26 and an e.e. of 80% for the syn isomer, although the isolated yield was much reduced at 43% (entries 2, 3 and 4).
DMSO gave an 80% yield, with a syn:anti ratio of 74:26, but a poor e.e. of only 25% (entry 5). For further studies, DCM was used as solvent. The effect of temperature on the outcome of the reaction was examined by running the reaction at 4 o C (entry 6). In this case, the isolated yield was reduced to 77%, while the syn:anti ratio improved to 70:30, with the syn isomer having an improved e.e. of 76%, when compared to the reaction at room temperature. Increasing the amount of valeraldehyde to 10 molar equivalents surprisingly gave a slight reduction in isolated yield to 90%, when compared to the use of 1.5 molar equivalents (98%, entry 1), but with an improved syn:anti ratio of 73:27, and an e.e. of 80% for the syn isomer (entry 7). Repeating this 7 reaction with 20 mol% of the catalyst, brought the isolated yield back to 98%, but unfortunately, the syn:anti ratio reduced to 64:36, with a concomitant reduction in the e.e. of the syn isomer to 72% (entry 8).
Use of the diastereoisomeric (R,R)-spirolactam 12b as catalyst, under the standard conditions, gave similar isolated yields to those obtained with 12a, with similar syn:anti ratios (Entries 9, 10 and 11). The enantiomeric excesses were also similar but, most importantly, in these cases the opposite enantiomer of the syn diastereoisomer now predominated, as shown by chiral HPLC analysis. Other groups have observed an improvement in both the diastereoisomeric ratio and the e.e. of the syn isomer on the addition of acidic additives, such as trifluoroacetic acid (TFA).
Addition of 1 molar equivalent of TFA, using spirolactam 12b as catalyst, gave a reduced isolated yield, with poorer diastereocontrol (Entry 12). All of these results
show that it is the absolute stereochemistry of the spiro centre which is controlling the observed enantioselectivity, with the stereochemistry of the side-chain substituent having little effect. This is not surprising if the proposed transition state models of the reactions are considered (Figure 4 ). the Re face of the nitrostyrene can approach the enamine Re face in two different ways (Re,Re-1 and Re,Re-2, Figure 4 ), depending on whether it approaches from the same, or opposite, side as the lactam carbonyl group. Similarly the Si face of the nitro styrene can approach enamine Si face in two ways (Si,Si-1 and Si,Si-2). Of the two possible Re,Re trajectories Re,Re-2 is the much more likely because there are two destabilising steric interactions present in the Re,Re-1 trajectory, namely the less favourable enamine rotamer as well as the interaction of the nitrostyrene with the lactam carbonyl group. Neither of these interactions are present in the Re,Re-1 trajectory. Of the two possible Si,Si trajectories Si,Si-1 has the favourable enamine rotamer but a steric interaction with the lactam carbonyl, while Si,Si-2 has a steric interaction with the methylene of the lactam ring, as well as being the less favoured enamine rotamer. It is therefore not apparent which of these trajectories is more favoured. Overall, it is thus the contribution of favourable electrostatic interactions as well as the unfavourable steric interactions which controls the observed diastereoselecetivity and enantioselectivity. In the case of the use of the spirolactam 12b as catalyst, with the opposite stereochemistry at the spirocentre, the transition state with the Si,Si approach of the faces of the -nitrostyrene and the enamine would be the predominant pathway, thus giving the observed (R,S) enantiomer as the major product.
Increasing the steric bulk of the spirolactam side-chain was achieved by replacing the phenyl group with the 1-naphthyl group. The spirolactams were synthesised in an analogous manner to the phenyl substituted compounds, 7c but (R)-(1)-(1naphthyl)ethylamine was used in place of (R)-(1)-phenylethylamine. As before the two diastereoisomeric spirolactams, 14a and 14b, were separable. Their stereochemistries were tentatively assigned by comparison of their NMR spectral data (chemical shifts and coupling constants) with the phenyl-derived compounds, as well as their relative polarities as measured by TLC analysis. Use of the Boc deprotected compounds 15a or 15b in the Michael addition reaction gave similar yields and diastereoselectivities to those of the corresponding phenyl derivatives 12a and 12b, but with slightly lower enantioselectivities ( Table 1, entries 13 and 14) . This confirms that the lactam side-chain is having little effect on the stereochemical outcome of the reaction.
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The scope of the catalysts (12a and 12b) was examined by reacting different aldehydes and -nitrostyrenes under the optimised conditions ( Table 2) .
Propionaldehyde showed poor diastereo-and enantioselectivity (d.r. 62:38, e.e. 34%) and a reduced isolated yield of 77% (entry 1), while the more hindered isovaleraldehyde showed excellent diastereocontrol (d.r. 89:11) and a hugely improved e.e. of 82% (entry 2). Unfortunately, the isolated yield was poor (22%) due to the increased steric effect of the branched aldehyde. Reaction of valeraldehyde with substituted -nitrostyrenes show similar diastereo-and enatioselectivity to the parent -nitrostyrene (entries [3] [4] [5] [6] [7] [8] . The reason for the very poor enantioselectivity of catalyst 12b (4% e.e.) with the para-methoxy substituted -nitrostyrene (entry 6) is not known. (Figure 1) . 1, 2, 6 For comparison, spirodiamines 13a and 13b were prepared, from spirolactams 12a and 12b, by removing the Boc group and reducing the lactam ring to the cyclic amine with lithium aluminium hydride. 7c When 13a was used as a catalyst in the Michael addition reaction similar syn:anti ratios were obtained, to those when the corresponding spirolactams were used, though the isolated yield was only 85%
( Table 3 , entry 1). In these cases, however, the enantioselectivity was severely reduced, with the syn isomer now being obtained in close to racemic form. Increasing the amount of catalyst to 20 mol% only increased the isolated yield back to 98%, with no effect on the stereoselectivity of the reaction (entry 3). The addition of TFA or HCl as an additive, or using the epimeric spiro diamine 13b, had no effect on this outcome (entries 2, 4, 5 and 6). The selectivity of substituted pyrrolidine-based organocatalysts in the Michael addition reaction is mostly determined by the nature of the substitutent in the 2position (trans-4-hydroxy substitutents also exert control). 1j For substituents with a hydrogen bond donor present (e.g. COOH in L-proline or the N-H in prolinamides and sulfonamides), it is the attractive interaction with the nitro group of the styrene and the hydrogen bond donor which controls the facial selectivity. 1a,1j In the absence of such hydrogen bond donors the facial selectivity is controlled by the steric effect of the pyrrolidine side-chain. In this study, there is no hydrogen bond donor present in the spirolactams and thus the facial selectivity is as described previously. The results with the diamines 13a and 13b can be explained by examining the transition state model of the reaction (Figure 4) . In the absence of the lactam carbonyl group the Re,Re-2 and Si,Si-1 trajectories are equally likely, since there is now a methylene attached to both sides of the quaternary spiro carbon. This leads to equal steric preference for the Re,Re-2 and Si,Si-1 trajectories and thus racemic products are obtained. In this case although the spiro diamine is more conformationally flexible, the bulky nitrogen side-chain is too remote from the spiro centre to have any impact on the stereocontrol.
It would be envisaged that either breaking the lactam ring to give more conformational flexibility (17) The simple L-prolinamides 18 were prepared from L-proline by Boc protection of the proline nitrogen, to give N-Boc-L-proline 23, in almost quantitative yield, followed by separately coupling to R-or S--methylbenzylamine, to give the two diastereoisomeric prolinamides 24a and 24b (Scheme 2, only reaction with (R)-methylbenzylamine to give 24a is shown). In these cases, efficient coupling was achieved using EDC, whereas HATU was necessary in the more sterically hindered coupling reactions above. N-methylation of 24a (or 24b), with methyl iodide, gave the N-methyl prolinamide 25a (or 25b).
Deprotection of 24a and 24b gave the N-H L-prolinamides 18a and 18b (R = H), while deprotection of 25a and 25b gave the N-Me L-prolinamides 18c and 18d (R = Me). Prolinamides 18a and 18b are known and have previously been described by
Chimni as efficient organocatalysts, as their HBr salts, for the direct aldol reaction in water. 9 Earlier Wu and Gong also described their use as enantioselective catalysts for direct aldol reactions. 10 The -methyl prolinamides 17a, 17b, 17e and 17f and simple prolinamides 18a-d
were then examined as organocatalysts in the standard reaction ( Table 4 ). The N-methyl--methyl compounds 17a and 17b gave very similar overall results to those obtained for the corresponding spirolactams 12a and 12b, with similar diastereocontrol but a slight decrease in enantioselectivity (entries 1 and 2). It is very important to note that the major syn enantiomer (16 (R,S)) obtained for 17a is opposite to that obtained with the spirolactam 12a (Figure 2 ). The -methyl N-H compounds 17e and 17f showed similar stereoselectivity, but surprisingly much reduced isolated yields of 55% and 60%. The reason for these reduced yields is not known, at present. These results clearly demonstrate that the presence of a proline substitutent is detrimental to achieving high levels of stereocontrol. This was borne out when the -hydrogen N-Me catalysts 18c and 18d were examined. With the removal of the -methyl substituent the isolated yield was brought back to 94-98% with excellent diastereoselectivity (~94:6). Unfortunately, there was no observed increase in enantioselectivity (entries 7 and 8). Finally, the two N-H catalysts 18a and 18b were examined and found to give excellent isolated yields, diastereoselectivity and hugely improved enantioselectivity (71 and 81% e.e.). The diastereoselectivity for these two catalysts are quite different (77:23 and 98:2) and since both contain an N-H in the side-chain this difference is likely to be due to the overall conformation of the side-chain (entries 5 and 6). Although 18b gave excellent yield and diastereoselectivity results, the enantiomeric excess was 81%, which is below the levels reported for many proline-derived catalysts. [3] [4] [5] For this reason studies on the expansion of the scope of these catalysts in the Michael addition reaction with different aldehydes and substituted -nitrostyrenes were not undertaken. The proposed transition state model, involves a steric interaction between the nitro styrene and the amide side-chain on position 2 of the pyrrolidine which destabilises the Re,Re approach for these catalysts (Figure 7) , even though there is a favourable electrostatic interaction between the nitro group and the enamine nitrogen. Thus the Si,Si approach predominates where there is a favourable electrostatic interaction between the nitro group and the enamine nitrogen, but no steric interaction with the amide side-chain, thus giving the R,S enantiomer of 16 as the major enantiomer. The selectivity observed is regardless of whether the side-chain contains an N-H, as a potential hydrogen bond donor for a favourable electrostatic interaction with the nitro group, or whether it is N-methylated. From these studies, it is therefore apparent that the absence of an -substituent and the presence of a sufficiently bulky prolinamide are necessary for the optimal simple prolinamide organocatalyst, for the Michael addition reaction of aldehydes to nitrostyrenes.
Conclusions
In conclusion, the main advantage of the spirolactam and -methyl prolinamide organocatalysts used in this study is that both epimers of the -centre can be easily synthesised from a common starting material, L-proline. It is thus possible to selectively form either enantiomer of the syn Michael addition product, in excellent yield with good stereocontrol. In the case of other proline-derived catalysts, this would only be possible by separately preparing catalysts starting with D-proline.
Furthermore, the amount of catalyst required for activity is low (5 mol%), along with the requirement of only 1.5 molar equivalents of the aldehyde partner. As stated previously the presence of a trans-4-hydroxy substitutent can have a considerable effect on the stereoselectivity obtained and we are also currently preparing analogues of all the synthesised organocatalysts reported here with this functionality present.
Further studies on the scope of use of these new organocatalysts in the Michael addition reaction and other important asymmetric transformations are being undertaken, the results of which will be reported in due course.
Experimental.
TLC was performed on Merck silica gel 60F 254 plates and column chromatography was performed on Aldrich silica gel, 70-230 mesh, 60Å. 1 H and 13 C NMR ( ppm; J Hz) spectra were recorded on a Jeol JNM-LA300 FT-NMR spectrometer using CDCl 3 solutions with Me 4 Si as internal reference, unless otherwise indicated, with resolutions of 0.18 Hz and 0.01 ppm, respectively. CHCl 3 was used to remove last traces of ethyl acetate from some samples. The last trace of CHCl 3 persisted even after prolonged heating in vacuo and in these cases was visible in NMR spectra.
Infrared spectra (cm -1 ) were recorded as KBr discs or liquid films between NaCl plates using a Nicolet Impact 410 FT-IR. Melting points were obtained on a Bibby 
N-Boc-L-proline methyl ester (19). 11
19 was prepared from L-proline by the method of Confalone 11 giving 19 as a clear oil.
Analytical data was in agreement with that reported. Microanalysis: Found C, 57.51; H, 8.60; N, 5.88 . Calculated for C 11 H 19 NO 4 : C, 57.60; H, 8.34 ; N, 6.10.
()--Formylmethyl N-Boc-proline methyl ester was prepared from 19 as previously described. 7c (14a and 14b) . 173.5, 153.6, 136.5, 135.8, 133.2, 128.6, 128.2, 126.1, 125.0, 124.4, 123.9, 123.8, 79.8 & 79.4, 68.0 & 67.8, 48.3 & 48.1, 46.5 & 46.2, 38.7 & 38.5, 37.1 & 36.8, 29.9 & 29.8, 28.6, 22.6 & 22.2, 16.4 & 16. 13 C NMR δ: 176.0, 135.1, 133.7, 131.6, 128.7, 128.6, 128.3, 126.8, 124.9, 124.1, 123.4, 68.1, 47.5, 46.1, 39.1, 35.3, 34.8, 26 (5R)-6-Oxo-7-((1'R)-naphthylethyl-)-1,7-diaza-spiro[4.4]nonane (15b) Was prepared from 14b in a similar manner to the preparation of 15a. 1, 135.1, 133.8, 131.5, 128.8, 128.6, 128.4, 126.8, 125.0, 124.2, 123.6, 68.4, 47.3, 46.2, 39.1, 35.2, 34.3, 25.8, 16.3 41 (2 x s, 9H ). 13 C NMR (two rotamers present) δ: 175. 4, 153.6, 79.9, 64.8, 52.1, 47.9, 40.1, 28.2, 23.1, 22.3 .
(5S) and (5R)-6-Oxo-7-((1'R)-naphthylethyl-)-1,7-diaza-spiro[4.4]nonane-1carboxylic acid tert-butyl ester
Prepared from ()--formylmethyl N-Boc-proline
(R,R)

()-2-Methyl-pyrrolidine-1,2-dicarboxylic acid 1-tert-butyl ester (21)
A suspension of 20 (1.25 g, 5.14 mmol) and NaOH (0.204 g, 5. 176.5, 152.3, 80.6, 66.8, 48.7, 38.4, 28.4, 22.8, 22. 2. (22a and 22b) .
2-Methyl-2-[methyl-(1-phenylethyl)-carbamoyl]-pyrrolidine-1-carboxylic acid tert-butyl ester
To a stirred solution of 21 (0.45 g, 1.96 mmol) in dry DMF (9 ml 153.5, 141.3, 128.5, 127.1 & 126.8, 80.3, 66.2, 51.7, 23 46.7, 38.1, 29.7, 28.3, 24.7, 23.8, 22. 19 (2 x s, 9H ). 13 C NMR (two rotamers present) δ: 172. 8, 153.1, 141.6, 141.4, 128.6, 127.2 & 126.9, 80.1, 66.0, 51.9, 47.2 & 47.0, 38.6 & 38.2, 29.6 & 29.4, 28.7, 24.7 & 24.5, 23.8 & 23.6, 22. The reaction was then conducted using (S)-N-methylbenzyl amine, following the method previously described, forming the (R,S) and (S,S) diastereoisomers 22c and -(1-phenyl-ethyl)-amide (17a-d) .
2-Methyl-pyrrolidine-2-carboxylic acid methyl
To a solution of 22(a-d) , 3H ). 13 C NMR (two rotamers present) δ: 172. 8, 139.4, 129.0, 127.7 & 127.1, 68.3, 52.7, 45.6, 36.2, 30.4, 25.6, 23.9, 15 130.1, 128.6, 127.4 & 126.3, 66.9, 52.3, 46.2 , 36.6, 30.4, 26.0, 25.6, 15 
2-Methyl-2-(1-phenyl-ethylcarbamoyl)-pyrrolidine-1-carboxylic acid tert-butyl ester (22e-h).
To a stirred solution of 21 (0.50 g, 2.18 mmol) in dry DMF (10 ml) was added DIPEA 13 C NMR δ: 173.7, 152.5, 129.2, 128.2, 127.1, 48.2, 28.5, 22.4, 18.4. HRMS (ESI) 13 C NMR (ppm) δ: 173.7, 127.4, 126.3, 125.9, 48.6, 28.2, 23.4, 22.6. HRMS (ESI) The reaction was then conducted using (S)-(1)-phenylethyl amine, following the method previously described, forming the (R,S) and (S,S) diastereoisomers. 
2S-(1'R-Phenyl-ethylcarbamoyl)-pyrrolidine-1-carboxylic acid tert-butyl ester (24a)
To a stirred solution of 23 (0.32 g, 1.50 mmol) in dry DCM (5 ml 
2S-(1'S-Phenyl-ethylcarbamoyl)-pyrrolidine-1-carboxylic acid tert-butyl ester
2S-[Methyl-(1'R-phenyl-ethyl)-carbamoyl]-pyrrolidine-1-carboxylic acid tertbutyl ester (25a)
To a solution of 24a (0.5 g, 1.57 mmol) in dry THF (5 ml 6, 153.4, 140.3, 128.8, 128.2, 127.0, 56.7, 50.5, 46.8, 30.6, 29.5, 28.5, 24.4, 15.6 
2S-[Methyl-(1'S-phenyl-ethyl)-carbamoyl]-pyrrolidine-1-carboxylic acid tertbutyl ester (25b)
Prepared from 24b (0.5 g, 1.57 mmol) in a similar manner to 25a. 151.3, 141.6, 128.5, 128.4, 127.2, 57.8, 50.6, 47.1, 29.2, 28.9, 28.5, 23.5, 15 then diluted with chloroform (5 ml) and treated with 1N HCl (4 ml 
X-Ray data
The data were collected at 150(2)K on a Bruker Apex II CCD diffractometer. The structures were solved by direct methods 13, 14 and refined on F 2 using all the reflections. 14 All the non-hydrogen atoms were refined using anisotropic atomic displacement parameters and hydrogen atoms bonded to carbon were inserted at calculated positions using a riding model. The H atoms bonded to nitrogen or oxygen were located from difference maps and refined with thermal parameters riding on the carrier atoms.
Crystal data for 11b. C 20 H 28 N 2 O 3 , M = 344.44. orthorhombic, a = 6.5297 (9) 
